Circadian rhythms of core body temperature and melatonin are commonly used as phase markers of the circadian clock. Melatonin is a more stable marker of circadian phase when measured under constant routine conditions. However, little is known about the variability of these phase markers under less controlled conditions. Moreover, there is little consensus about the preferred method of analysis. The objective of this study was to assess various methods of calculating melatonin and temperature phase in subjects with regular sleep schedules living in their natural environment. Baseline data were analyzed from 42 healthy young subjects who were studied on at least two occasions. Each hospital admission was separated by at least 3 weeks. Subjects were instructed to maintain a regular sleep schedule, which was monitored for 1 week before admission by sleep logs and actigraphy. Subjects spent one habituation night under controlled conditions prior to collecting baseline temperature and melatonin measurements. The phase of the melatonin rhythm was assessed by 9 different methods. The temperature nadir (Tmin) was estimated using both Cleveland and Cosine curve fitting procedures, with and without demasking. Variability between admissions was assessed by correlation analysis and by the mean absolute difference in timing of the phase estimates. The relationship to sleep times was assessed by correlation of sleep onset or sleep offset with the various phase markers. Melatonin phase markers were more stable and more highly correlated with the timing of sleep than estimates of Tmin. Of the methods for estimating Tmin, simple cosine analysis was the least variable. In addition, sleep offset was more strongly correlated with the various phase markers than sleep onset. The relative measures of melatonin offset had the highest correlation coefficients, the lowest study-to-study variability, and were more strongly associated with sleep timing than melatonin onsets. Concordance of the methods of analysis suggests a tendency for the declining phase of the melatonin profile to be more stable and reliable than either markers of melatonin onset or measures of the termination of melatonin synthesis.
The mammalian circadian timing system is conceptualized as having 3 components: 1) a pacemaker that is located in the suprachiasmatic nucleus (SCN) and generates a rhythm of approximately 24 h, 2) stimuli that synchronize the pacemaker with the external environment, and 3) behavioral and physiological rhythms that are regulated by the pacemaker. Two of these output rhythms, core body temperature and melatonin, are commonly used as measures of the timing, or phase, of the circadian clock in humans. These phase markers can be used to assess the phase-shifting effect of stimuli on the circadian clock or to assess the appropriate timing of treatment for patients with circadian rhythm sleep disorders (Baker and Zee, 2000; Terman et al., 2001; Burgess et al., 2002) .
Traditionally, the nadir of the core body temperature rhythm (Tmin) was the most frequently used marker of circadian phase (Minors and Waterhouse, 1984; Czeisler et al., 1986; Folkard, 1989) . However, this rhythm is "masked" by a number of variables, including sleep, posture, and activity level (Wever, 1985; Minors and Waterhouse, 1989 ). An effort to minimize these masking variables led to the implementation of constant routines in which subjects remain semireclined in bed with food intake distributed across the 24-h cycle (e.g., small meals every 1 to 2 h) and complete restriction of sleep for up to 40 h (Minors and Waterhouse, 1984; Brown and Czeisler, 1992) . A mathematical method for removing the effect of masking, commonly referred to as "demasking," was proposed to adjust for the effects of masking in field studies (Folkard, 1989; Minors and Waterhouse, 1989) . The accuracy of demasking to predict Tmin when sleep periods are not held constant has been debated (Klerman et al., 1999) . However, when normal, entrained subjects are studied under regular sleep/ wake schedules, demasking and the constant routine have been shown to result in similar estimates of the time of the Tmin (Carrier and Monk, 1997) .
The circadian rhythm of melatonin production is also used as a marker of circadian phase (Rosenthal, 1991; Lewy et al., 1999) . Melatonin synthesis is tightly controlled by the circadian clock through a multisynaptic pathway that begins in the SCN and terminates with adrenergic stimulation of the pineal gland (Klein et al., 1983; Moore, 1996) . Melatonin levels are very low during most of the daytime. Levels rise abruptly in the evening and remain high throughout the night, then precipitously decline to baseline levels near dawn. In addition to regulation by the circadian clock, melatonin levels are suppressed by light, requiring it to be sampled under dim light conditions (Lewy et al., 1980; McIntyre et al., 1989; Zeitzer et al., 2000) . Although the use of the dim light melatonin onset (DLMO) as a phase marker was described more than a decade ago (Lewy and Sack, 1989; Shanahan and Czeisler, 1991) , its common use as a phase marker did not occur until the relatively recent development of radioimmunoassay for melatonin (Deacon and Arendt, 1994; Voultsios et al., 1997; Lewy et al., 1999) .
Comparison of these 2 measures of circadian phase indicates that the timing of melatonin is more stable than Tmin when measured under constant routine conditions (Dawson et al., 1992; Klerman et al., 2002) . The variability of these phase markers under less stringent conditions has not been established. In addition, review of the current literature indicates that there is little consensus about the most appropriate method of analysis. The nadir of the core body temperature rhythm has been estimated by either fit of a cosine curve or by moving regression (Cleveland, 1979; Brown and Czeisler, 1992) . Melatonin results have been presented in either absolute (pg/mL) or relative numbers (% maximum), at a variety of points on the melatonin curve (Voultsios et al., 1997; Lewy et al., 1999) . The variety of methods reported makes direct comparisons between studies difficult. The objectives of this study were to determine (in subjects with regular sleep schedules) 1) the stability and reliability of various circadian melatonin and temperature phase markers, 2) the relation between the various methods of analysis, and 3) the relation between the timing of circadian phase markers and sleep and wake times.
METHODS

Protocol
Study subjects were 42 healthy young volunteers (17 men, 25 women) between 20 and 40 years of age (29.2 ± 5.3 years). Data from the baseline nights of General Clinical Research Center (GCRC)-based intervention studies were analyzed for this report (data to be presented elsewhere). All subjects displayed normal sleep patterns, had no medical or mental disorders, and did not take any psychoactive drugs, as determined from questionnaires and history. None of the subjects were shift workers or had crossed more than 2 time zones in the 2 months prior to admission. Research subject volunteers provided informed consent and were compensated for their participation. The research was approved by the Northwestern University Institutional Review Board.
Each subject was admitted to the GCRC on 2 to 3 different occasions. The admissions were spaced a minimum of 3 weeks apart. Subjects were asked to maintain sleep logs and to maintain a regular sleep/ wake schedule for the 3 weeks prior to each admission by keeping their actual bedtime within ±30 min of their habitual bedtime. On the week prior to admission, subjects wore an activity monitor on the nondominant wrist (Actiwatch, Mini-Mitter Inc., Bend, OR). Sleep and wake times for this analysis were averaged from actigraphic recordings over the week prior to admission with Actiware-Sleep software (Mini-Mitter, Inc.).
During the GCRC stay, light levels, activity, posture, and meals were controlled to minimize masking of the circadian phase measures (Van Cauter et al., 1994; Wirz-Justice et al., 2002) . Subjects remained in dim light (approximately 10 lux) during waking hours, with an 8-h enforced rest period in dark at their reported habitual bedtime. Staff woke the subjects and increased lighting to 10 lux at the scheduled wake time. Subjects remained seated or semireclined in bed during the 16-h wake period, with the exception of restroom use and a daily shower. Isocaloric snacks (150-250 kcal, depending on normal food intake, with 50% carbohydrate, 20% protein, and 30% fat) were provided every 2 h in place of regular meals. Caffeine intake during the GCRC stay was prohibited. The subjects were allowed to participate in a variety of activities that allowed them to remain quietly awake in the dim light, including reading, watching TV or videos, talking on the telephone, or using a laptop computer.
Subjects were admitted to the GCRC in the evening for a habituation night. At 1400 h on the next day, an intravenous catheter was inserted into the forearm vein. Blood was collected at 20-to 30-min intervals from 1600 until 1000 h the next day (Van Cauter et al., 1994) . During daytime hours, blood was sampled from a stopcock attached directly to the intravenous catheter. During sleep periods, blood was sampled through tubing that extended into an adjacent room. The intravenous line was kept patent with a slow drip of heparinized saline (750 IU heparin in 9.0 g NaCl/L). Blood samples were centrifuged, and the plasma collected was frozen at -80°C for radioimmunoassay of melatonin. Plasma melatonin levels were measured with a double-antibody radioimmunoassay using commercially available reagents (Stockgrand, Guilford, Surrey, UK; Van Cauter et al., 1994) . The lower limit of sensitivity of the assay was 2.5 pg/mL. The intraassay coefficient of variation averaged 17.5% for values <10 pg/mL, 8.6% in the range of 10 to 30 pg/ mL, and 5.2% for values >30 pg/mL. The interassay coefficient of variation averaged 20% for values <10 pg/mL and 13.5% for values ≥10 pg/mL. All samples from the same subject were measured in the same assay. Core body temperature was recorded at 1-min intervals throughout the GCRC stay with the use of a flexible rectal thermister, which was connected to a lightweight data recording unit (Minilogger, Mini-Mitter Inc., Bend, OR) .
Data Analysis
Temperature
The 24-h profiles of temperature were edited to remove obvious artifacts and quantitatively described using both the Cleveland regression procedure and simple Cosine analysis with software provided by C. Eastman (Cleveland, 1979; Martin and Eastman, 1998) . In addition to estimates of Tmin based on the edited raw data, demasking procedures were used to adjust for the decrease in body temperature associated with sleep, according to the method of Martin and Eastman (1998) . The phase of the rhythm was characterized by the timing of the fitted nocturnal Tmin.
Melatonin Phase Markers
Phase markers of the DLMO and DLMOff were assessed across the nocturnal melatonin profile (Fig.  1 ). Raw data in pg/mL was fitted with the Lowess (Cleveland) curve-fitting procedure (Graphpad Prism, Graphpad Software, Inc., San Diego, CA) and interpolated at 1-min intervals. The 2 absolute thresholds were DLMO at a level of 10 pg/mL (DLMO 10 pg) and DLMO at 2 standard deviations above baseline (2 SD), defined as the 1st sample to rise more than 2 SD above the average of melatonin levels sampled between 1600 and 1800 h that was then followed by a continued rise in melatonin levels (Voultsios et al., 1997; Lewy et al., 1999) . Values of 2.5 pg/mL were used for samples that were below the limit of sensitivity for this assay. For the 5 relative melatonin thresholds, melatonin levels (pg/mL) were adjusted to a percentage of maximum (average of the 3 highest values). The data were then smoothed with the Lowess (Cleveland) curve-fitting procedure and interpolated at 1min intervals (Graphpad Software, Inc.). The time that melatonin levels rose to 20% and 50% of maximum levels (DLMO 20%, DLMO 50%), declined to 50% and 20% of maximum levels (DLMOff 50%, DLMOff 20%), and the times of the melatonin midpoint (average of DLMO 50% and DLMOff 50%) were recorded for each subject. In addition, we assessed the termination of melatonin synthesis (SynOff) by both visual (Synoff(vis); Lewy et al., 1999) and theory-free curvefitting methods (Synoff(proj); M. Terman, personal communication). Synoff(vis) was chosen for each subject by 3 raters, as the time of the last value that remained within the range of high nocturnal levels and that was followed by a rapid decline toward nondetectable levels in the morning (Lewy et al., 1999; Wehr et al., 2001) . Synoff(proj) was the projected intersection of 2 linear regressions from the plateau and declining phases of the melatonin profile and was calculated with a program provided by M. Terman.
Stability and Phase Relationships
The stability of each phase marker over the first 2 admissions was assessed by 2 methods: 1) the mean absolute difference in the time of the phase marker and 2) the correlation coefficient for each phase marker over the 2 baseline assessments. The mean absolute difference provides a measure of the individual variability in timing of the phase markers, which is more informative than the average time of the phase marker for the group as a whole (Dawson et al., 1992) .
To determine the mean absolute difference, we first calculated the variation in the time of each phase marker over the 2 admissions for each subject, irrespective of the direction of the variation. Then the group averages of the absolute differences were calculated, providing a measure of stability (mean ± SD) for each phase marker. Correlation analysis was also used to assess the stability in the timing of each of the different phase markers (e.g., assessment 1 vs. assessment 2 for each phase marker). Correlation coefficients were also generated between the different phase markers (temperature, melatonin, and sleep/wake timing) to assess the relation between these various measures of circadian phase.
RESULTS
The average times of the various phase markers are listed in Table 1 . There were no significant gender differences in the timing of sleep or phase markers. 
Stability of Phase Markers
The average difference in the timing of the phase markers on the 2 assessments was 15 min or less (Table  1) . However, the mean absolute difference (irrespective of the direction) ranged from 31 to 55 min for melatonin phase markers to more than 1.5 h for estimates of Tmin. These differences were significant by overall ANOVA, F (12, 508) = 7.58, p < 0.0001. There was greater admission-to-admission variability in Tmin as estimated by either Cleveland or demasked Cosine (p < 0.01 in comparison with DLMOff 20%). In addition, the 2 methods of assessing Synoff were significantly more variable than DLMOff 20% when assessed by pairwise comparisons (p < 0.05) but not when corrected by Bonferroni for the multiple comparisons.
The median absolute difference between assessments was close to 0.5 h for all of the melatonin phase markers (Fig. 2) . However, the difference between the 2 admissions was as great as 4 h for some subjects (Fig. 2) . As illustrated in Figure 3 , the admission-toadmission variability of the melatonin profile was sometimes symmetrical but was frequently selective for either the rising or declining phase. There was a tendency for greater variability in melatonin onset than in the relative measures of melatonin offset (Fig.  2) . In addition, few (≤2.4%) of the relative measurements (percentage of maximum) of melatonin offset showed variability of 2 h or greater. This contrasted with the 2 measures of Synoff, which each showed admission-to-admission differences of 2 h or greater in 7 of 42 subjects (16.7%).
The interval between admission dates was greater than 3 weeks for some volunteers. We therefore assessed whether increasing the interval between assessments affected the stability of the phase markers. As shown in Figure 4 , the phase markers were as stable when the interval between admissions was >3 months as when <1 month.
Correlations between Admissions
The relative stability of the various melatonin phase markers over the 2 admissions was, in general, supported by correlation analysis ( Table 2) . Measures of melatonin offset and midpoint were the most stable, with a rank order of correlation coefficients of DLMOff 20% (r = 0.82) followed by melatonin midpoint (r = 0.81), Synoff(proj) (r = 0.80), and DLMOff 50% (r = 0.79). However, Synoff(vis) had a correlation of 0.62, the lowest of any of the melatonin phase markers.
Correlation analysis also established that the most variable phase markers were the estimates of Tmin. Tmin as estimated by simple Cosine analysis had correlation coefficients of r = 0.62 and 0.55 (masked and demasked, respectively). Tmin, as estimated by Cleveland curve-fitting procedure, had the lowest correlations of all of the phase markers measured. The correlation for sleep onset over the 2 admissions (r = 0.41) was lower than expected given that the subjects were instructed to keep a regular sleep schedule. To control for the variability in sleep times, we recalculated the correlations based on the time of the phase markers relative to sleep (e.g., the time interval between DLMO and either sleep onset or sleep offset for the 2 admissions). Surprisingly, controlling for the difference in sleep times reduced, rather than increased, the correlations for the various phase markers (data not shown). The reduction was more pronounced when adjusting for sleep onset than when adjusting for changes in sleep offset.
Relation between Phase Markers and Sleep and Wake Times
The relation between the different phase markers (melatonin and Tmin) was assessed. Tmin estimated by a simple Cosine curve was more highly correlated with melatonin phase markers (average r = 0.43) than Tmin estimated by Cleveland analysis (average r = 0.30, Cosine vs. Cleveland: p < 0.001, t = 4.10). The highest correlations were between Tmin (Cosine-M) and measures of melatonin offset and midpoint (DLMOff 50%: r = 0.53; melatonin midpoint: r = 0.52; and DLMOff 20%: r = 0.51)
The association between the various phase markers and sleep timing is shown in Table 3 . Overall, the highest correlations were between melatonin offsets (or midpoint) and sleep offsets. The range of the phase of DLMOff 50% relative to sleep offset was 4.83 h prior to sleep offset to 1.50 h after sleep offset. Melatonin phase markers were most weakly associated with sleep onset. Particularly notable was the very weak association between measures of melatonin onset and sleep onset. The range of the phase of DLMO 50% relative to sleep onset was 5.13 h prior to sleep onset to 1.99 h after sleep onset. Tmin (Cos-M) was modestly correlated with sleep offset (r = 0.32) but not significantly correlated with sleep onset.
DISCUSSION
This study assessed 1) the stability and reliability of various circadian melatonin and temperature phase markers, 2) the relation between the various methods of analysis, and 3) the relation between the timing of circadian phase markers and sleep timing in subjects with regular sleep schedules. The melatonin rhythm was found to be a more stable and reliable phase marker than the core body temperature nadir. In addition, assessment of the various melatonin phase markers suggests that melatonin offset may be both more stable and more closely associated with sleep and wake times than the onset of melatonin.
Stability and Reliability
Melatonin phase estimates from subjects who slept at their habitual time were more stable than those 184 JOURNAL OF BIOLOGICAL RHYTHMS / April 2005 obtained for the core body temperature rhythm. These results are consistent with those obtained under constant routine conditions (Dawson et al., 1992; Klerman et al., 2002) . The greater stability of melatonin phase estimates may be due to less masking and variability and more direct control of melatonin by the SCN than temperature rhythms (Minors and Waterhouse, 1989; von Treuer et al., 1996; Klerman et al., 2002) . Surprisingly, demasking the temperature data for sleep increased the variability of Tmin estimates and lowered correlations between Tmin and other phase markers. While this finding might reflect an inadequate demasking algorithm, the most likely explanation is that the sleep period that was imposed reduced the variability of this masked phase estimate. Estimates based on simple Cosine analysis were more stable than when analyzed by the Cleveland procedure.
Adding harmonic components to Cosine analysis results in estimates of Tmin that are closer to those estimated by Cleveland than by simple Cosine (unpublished data). These results suggest that analysis with a simple Cosine curve, which takes into account both daytime increases and nighttime decreases in core body temperature, may be more representative of the rhythm of the underlying oscillator than phase estimates that are driven primarily by the nocturnal decrease in core body temperature. Most of the melatonin phase markers were reasonably stable, with mean absolute differences between admissions of <45 min. This result is similar to that of Klerman et al. (2002) , who found no significant difference between 8 methods of melatonin analysis (not including Synoff) in subjects studied under highly controlled conditions. In the current analysis, the circadian phase markers remained stable even when measured up to 9 months apart. This is surprising considering the potential variability in light exposure and sleep schedules, but this is consistent with the recent report that a 3-h delay in bedtime for a week or more delays the melatonin rhythm by only about 35 min (Burgess and Eastman, 2004) . The finding in the present analysis that adjusting for variability in sleep times did not improve measures of phase marker stability also suggests that minor variations in the timing of sleep and wake have a relatively minor influence on the timing of these clock-controlled phase markers. The admission-to-admission variability observed (up to 2 h for some subjects) may have been due to either real shifts or day-to-day variation in circadian phase. However, the variability selectively in either melatonin onsets or offsets in individual subjects (see Fig. 3 ) also supports differential regulation of the rising and declining phases of the melatonin profile by the circadian clock (Illnerova et al., 1999; Lewy et al., 1999; Wehr et al., 2001) . Lewy and colleagues (1999) reported that due to individual variations in the amplitude of the melatonin profile, the lowest threshold of DLMO (2 pg) and Synoff were the most reliable indicators of melatonin phase. In the present study, 29% of baseline values were at a stable level above 6 pg/mL. Thus, a threshold of 10 pg/mL is the lowest value that would be meaningful for this data set. Furthermore, when we adjusted for differences in amplitude by converting the values to a percentage of maximum, we found little difference in the absolute and relative markers of melatonin onset. Of all of the melatonin phase markers assessed, the 2 methods of measuring Synoff were the most variable, with absolute differences of 52 and 55 min. These were on the border of statistical significance when powered to detect differences ≥23 min, such that significance depended on the stringency of the test. In comparison, DLMOff 50% had less variability and fewer outliers than measures of Synoff yet was the most highly correlated with Synoff (Synoff(proj): r = 0.71; Synoff(vis): r = 0.65). Together, these results suggest that relative thresholds of melatonin onset and offset can provide reliable markers of circadian phase.
Concordance between the Assessments of Stability
There was a tendency for markers of melatonin midpoint and offset to be more stable and reliable than markers of melatonin onset. The rank order of the correlation coefficients and absolute differences between the 2 admissions is illustrated in Figure 5 . With the exception of Synoff(proj) and DLMO 2SD, there was high concordance between the 2 methods of determining stability. The high correlation coefficient for Synoff(proj) may have been due to the reproducibility of the shape of the individual melatonin profile, which resulted in similar estimates spread over an unusually wide range (0015 to 0812 h). The relatively high variability of DLMO 2SD may have been related to the limit of sensitivity for this assay. It is possible that DLMO 2SD would be more reliable with data derived from a more sensitive radioimmunoassay (Voultsios et al., 1997) . In the present data set, DLMOff 20%, melatonin midpoint, and DLMOff 50% had the greatest stability of all of the phase markers assessed.
Relation between Phase Markers and Sleep Timing
The reliability of measures of melatonin midpoint and offset was further supported by the strength of correlations with both Tmin and the timing of sleep (Table 3 ). The strongest associations were found at the end of the night (e.g., between melatonin offset, Tmin, and wake). This is consistent with reports of a tighter association between DLMO and self-reported wake time than between DLMO and sleep onset (Terman et al., 2001; Martin and Eastman, 2002; . These previous studies did not assess melatonin offset, which in the present study had the highest correlations with sleep timing. Possible explanations for the strong association of the melatonin rhythm with sleep offset include societal constraints that result in more regular wake times than sleep onset times and a stronger entraining effect of morning light (Samkova et al., 1997; Illnerova et al., 1999; Burgess and Eastman, 2003) . The present results also support tight regulation of the termination of melatonin synthesis and the morning rise in endogenous core body temperature by the circadian clock (Illnerova et al., 1999; Lewy et al., 1999; Wehr et al., 2001) .
CONCLUSIONS
One aspect of the present study was to determine which of the many possible methods of assessing circadian phase provides the most stable and reliable indicators of the timing of the circadian clock. The present results indicate that 1) melatonin is a more stable indicator of circadian phase than the endogenous core body temperature rhythm; 2) of the 2 methods for calculating Tmin, simple Cosine analysis is more stable and more strongly correlated with the timing of melatonin and sleep than analysis by the Cleveland procedure; and 3) relative measures of melatonin offset are the most stable and reliable phase markers in subjects with regular sleep schedules.
The times reported in Table 1 can also be used to facilitate comparison between other studies. Although differences in morning/evening preference may contribute to individual variability in the range of the phase markers relative to sleep, the average relation between the various phase markers remains relatively constant across normal study populations (Sack et al., 1992; Duffy et al., 1999; Baehr et al., 2000; Duffy et al., 2002; Martin and Eastman, 2002; .
In addition, it has recently been reported that wake time or sleep midpoint as reported on sleep logs can be reliably used to estimate circadian phase (Terman Martin and Eastman, 2002; . The present results also suggest that wake time may be a reliable marker of circadian phase in normal entrained subjects and can provide an estimate of phase when melatonin sampling or monitoring of core body temperature is not practical. Additional studies are required to verify whether similar relationships exist in clinical populations or following perturbations of the circadian clock.
